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Molecular details
CN bandmembrane permeance in liposomes is described. The method uses liposomes
fabricated to contain IR probe molecules with CN moieties in combination with attenuated total reﬂection—
Fourier transform infrared (ATR-FTIR) spectroscopy. The liposomes are adsorbed on a TiO2 coated ATR crystal
and remain intact to ﬂowing aqueous solutions. A change in permeance is determined by monitoring the
time dependent decrease in the intensity of a band due to CN groups. It is shown that the transport of the
probe molecule depends on the size of the probe molecule and the structure of the liposome membrane. A
much clearer molecular understanding of membrane permeance is obtained when the information derived
from transport of the probe molecules is combined with the membrane packing arrangement determined
from the infrared bands due to the lipids.
© 2008 Elsevier B.V. All rights reserved.1. Introduction
Liposomes have been extensively studied as a simpliﬁed model of
biological membranes and delivery systems [1–4]. One key area of
research with these model membranes has been on developing a
better understanding on the role of lipid composition/distribution
and factors such as temperature, pH, ionic strength on membrane
ﬂuidity and permeance. Membrane ﬂuidity and permeance are very
important parameters because they inﬂuence membrane protein
function and chemicals transport [5–7]. Experimental measurement
of membrane ﬂuidity and permeability in liposomes has been mainly
derived from techniques that utilize probe molecules embedded in
the membrane or located in the interior of the liposome. For example,
ﬂuorescent probe molecules such as diphenylhexatriene (DPH) are
lipid-like and have been incorporated into the bilayer of liposomes to
probe lipid ﬂuidity via Fluorescence Anisotropy [8,9]. In this case, the
measurements of the anisotropic coefﬁcients of the probe molecules
are related to the rotational diffusion of lipid molecules. Electron
paramagnetic resonance (EPR) has also been used to gain information
on membrane ﬂuidity by incorporating spin labeled probe molecules
into the bilayer of liposome [10–12]. For measuring membrane
permeability, the most common approach involves the use of self-
quenching ﬂuorescent molecules such as carboxyﬂuorescein or
calcein trapped in the interior of the liposome [13,14]. These probe1 207 581 2255.
ll rights reserved.molecules ﬂuoresce when released to the ﬂuid phase. Thus, an
estimation of the permeance is obtained by measuring the time-
dependent change in ﬂuorescence.
Recently, we established a new method to study the structure of
liposome membranes [15]. This technique is based on the use of
attenuated total reﬂection—Fourier transform infrared (ATR-FTIR)
spectroscopy employing a ZnSe crystal coated with TiO2 particles. It
was shown that the liposomes remain intact when adsorbed on TiO2
and were not removed to ﬂowing solutions of water. More important,
it was shown that the frequency position and the bandwidth of IR
peaks of the lipid were sensitive to the packing architecture.
We now extend these IR studies to the area of liposome
permeability. Speciﬁcally, we have fabricated liposomes with probe
molecules, adsorb these liposomes on the TiO2, and then measure
the diffusion of the probe molecules across the membrane by
recording infrared spectra as a function of time. In particular, we
selected probe molecules containing a CN group in which IR band
around 2200 cm−1 does not overlap with the IR bands due to the
lipid molecules. These probe molecules were trapped in the interior
region of liposome and transport of these molecules across the
liposome membrane were determined by measuring the time-
dependent intensity change of the CN infrared stretching mode.
Because the release of encapsulated probe molecules from the
liposomes is directly related to membrane dynamics, the diffusion
rate of the probe molecules provides an estimate of the membrane
permeance. This IR based method for measuring membrane
permeance requires that the liposomes remain intact when adsorbed
on TiO2 and do not burst to form lipid bilayers or multilayers.
Fig. 2. ATR spectra of (a) cyano ethanol in solution phase, (b) eggPC liposomes adsorbed
on TiO2 and (c) eggPC liposomes containing cyano ethanol adsorbed on TiO2.
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entrapped probe molecules is to provide additional evidence that
liposomes remain intact when adsorbed on TiO2.
The ATR-FTIR method is similar to ﬂuorescence measurements
utilizing self-quenching ﬂuorescent probe molecules. However, the
probe molecules in our work require only a strong IR band. As a result,
they can be much smaller than the typical probe molecules used in
ﬂuorescent measurements and thus may provide a more sensitive
probe of subtle differences in membrane permeance. By combining
the information from the release of the probe molecules with the
information on the lipid architecture derived from the IR bands
assigned to the headgroup or tail region of the lipid, a much clearer
understanding of membrane permeance is obtained.
2. Materials and methods
2.1. Materials
L-α-phosphatidylcholine (eggPC) with a purity above 99% and cholesterol with
purity of 98% from Avanti Polar Lipids (Alabaster, AL) were used without further
puriﬁcation. The probe molecules: 3-Hydroxypropionitrile (99%), 2-Cyanoethyl ether
(98%), Diisopropylcyanamide (97%) and 1-Cyano-3-methylisothiourea sodium salt
(≥94%) were obtained from Sigma-Aldrich. Spectrophotometric grade chloroform and
methanol were purchased from Fisher Scientiﬁc. Fumed titanium dioxide (P25, surface
area of 50 m2/g) was obtained from Degussa. The buffer used in the experiments is
2 mM NaHCO3 at pH 8.2. The chemical structures of eggPC and those probe molecules
are shown in Fig. 1.
2.2. Substrate pretreatment
The ZnSe internal reﬂection element (IRE) (50×10×2mm, 45°) was purchased from
Harrick Scientiﬁc. A stable TiO2 powder ﬁlm coated on ZnSe crystal was generated by
depositing dropwise a 300 μl aliquot of a suspension containing 30mg P25 TiO2 in 25ml
methanol over the entire surface of a ZnSe IRE. After evaporation of the solvent, a
uniform and stable TiO2 ﬁlm of approximately 500 nm in thickness was formed. SEM
micrograph of this ﬁlm shows that there are large crevices of size up to 2.5 μmwide that
provide a route for the liposome to penetrate through the TiO2 ﬁlm [16]. Furthermore,
ﬁlms of 500 nm thickness are less than the penetration of the evanescent wave
calculated as 0.5 μm and 1.51 μm at 3000 and 1000 cm−1, respectively.
2.3. Liposome preparation
Fabrication of the liposomes can be subdivided into two categories based upon the
two sets of experiments performed in this study. In the ﬁrst set, the 3-
hydroxylpropionitrile (cyano ethanol) probe molecule was encapsulated into three
liposomes that differ in membrane permeance. The three liposomes were: 1)
Unilamellar eggPC liposomes, 2) the same liposome post irradiated with UV light
and 3) a unilamellar eggPC containing cholesterol (CHOL). Fabrication of the eggPC
liposomes and eggPC/CHOL liposomes containing 0.2 M probe molecules were
prepared by an extrusion method described elsewhere [17]. Brieﬂy, eggPC and
eggPC with cholesterol (4:1, wt/wt) were dissolved in chloroform (70 mg/5 ml CHCl3)
and dried under nitrogen onto the surface of a round bottomed ﬂask and then placed
in a vacuum oven to remove any remaining solvent. The dried lipid ﬁlm was then
hydrated overnight in a mixture of 10 ml of 0.2 M cyano ethanol and 2 mM NaHCO3 atFig. 1. Chemical structures of eggPC and probe molecules. (a) eggPC; (b) 3-Hydroxypropio
(cyano-amide); (e) 1-Cyano-3-methylisothiourea sodium salt(cyano-salt).pH 8.2. The suspension was then extruded through a 100 nm pore size polycarbonate
membrane a minimum of 20 times. The ﬁnal concentration of total lipids is 7 mg/ml
with a liposome size of approximately 125 nm in diameter as measured on a Malvern
Zetasizer 3000 system. In the case of the UV-treated liposomes, the unilamellar eggPC
liposomes prepared as above were illuminated with UV argon light (254 nm, 46 W) for
20 min at room temperature.
The second category of samples consisted of eggPC liposomes containing different
probe molecules. Fabrication of the liposomes were performed as described above for
the egg/PC liposomes and substituting 10 ml of 0.2 M cyano ethanol with the same
volume and concentration of 2-cyanoethyl ether (cyano-ether), disioproplylcyanamide
(cyano-amide) and 1-cyano-3-methylisothiourea sodium salt (cyano-salt), respectively.
2.4. Attenuated total reﬂection-Fourier transform infrared spectroscopy (ATR-FTIR)
A Bomem MB-series FTIR equipped with a mercury cadmium telluride (MCT)
detector was used to collect infrared spectra. The TiO2-coated ZnSe IRE was mounted
into a standard ATR liquid ﬂow cell and a solution containing the buffer was
continuously passed through the cell using a peristaltic pump set at a ﬂow rate of
4 ml/min. An initial reference spectrum was then recorded. Transmittance spectra
(100% baseline) were then recorded every 5 min until no changes in two consecutively
recorded spectra were observed. It usually required about 15 min of ﬂowing the
buffered solution before a stable baseline was obtained. This conditioning period is
attributed to initial wetting of the surface, removal of air bubbles, removal of weakly
bound TiO2 as well as other ill-deﬁned factors. Once a constant background was
achieved, a reference spectrum was again recorded. This reference spectrum was used
in recording spectra for the remainder of the experiment.
Next, the liposome suspensionwas introduced into the ﬂow cell at a rate of 4 ml/min.
Adsorption of the liposomes on the TiO2 was monitored by the increase in the IR
bands due to the phospholipid (see Fig. 2). Spectra were recorded as a function of
contact time with the ﬂowing liposome suspension until a maximum in the intensity
of the bands due to the phospholipid was obtained. The cell was then ﬂushed with
buffer solution at a rate of 4 ml/min. Spectra were then recorded as a function of time
and the diffusion of the probe molecules from the liposomes were monitored from
the decrease in intensity of the CN stretching mode near 2200 cm−1. All experimentsnitrile(cyano ethanol); (c) 2-Cyanoethyl ether(cyano-ether); (d) Diisopropylcyanamide
Fig. 3. IR spectra of liposomes adsorbed on TiO2 containing different probe molecules:
(a) cyano ethanol; (b) cyano-ether; (c) cyano-amide and (d) cyano-salt.
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three times.
3. Results and discussion
3.1. IR spectral of Egg PC liposome containing the probe molecules
Fig. 2 shows the ATR spectra of 3-hydroxypropionitrile (cyano
ethanol) in the solution phase in contact with a bare ZnSe IRE, and that
of eggPC liposomes and eggPC liposomes containing the cyano ethanol
probe adsorbed on the TiO2 coated ZnSe. The spectrum in Fig. 2b is
consistent with intact liposomes on the surface [15] and the band
assignments are given in Table 1. Additional proof of intact liposomes
onTiO2 is provided in Section 3.5 of this paper. The strongest bands are
the CH2 stretching modes at 2920 cm−1, 2850 cm−1, C=O at 1734 cm−1
and bands in the 1250 cm−1 to 1080 cm−1 region due to PO modes of
the headgroup.
Our choice of probe molecule was based on two criteria. The probe
should be water soluble and contain a functionality that produces a
strong IR band that does not overlap with the strong bands due to the
liposomes. From Fig. 2a, the probe molecule cyano ethanol shows
weak bands in the C–H stretching region (3000–2800 cm−1) and no
bands around 1700 cm−1. Little or no overlap with the carbonyl mode
at 1734 cm−1 and methylene stretching mode at 2921 cm−1 is
important as the intensity of these bands are used to measure the
amount of liposomes adsorbed on the TiO2. Furthermore, the probe
molecule exhibits a strong CN stretching mode at 2258 cm−1 and this
band appears in a region that does not overlap with the bands of the
eggPC. Thus, a change in the intensity of the CN stretching mode can
be used tomonitor the diffusion of the cyano ethanol from the interior
of the liposome.
Fig. 3 shows the spectrum of the eggPC liposomes adsorbed on the
TiO2 containing each type of probe molecule used in our experiments.
Note that the other probe molecules selected for this work vary in size
but are common in that they all contain a cyano group (see Fig. 1).
Fig. 3 shows that each probe molecule has a clear identiﬁable CN
mode in the range 2250–2100 cm−1.
3.2. Diffusion rates
Once a maximum in the adsorbed amount of liposome was
obtained, the cell was ﬂushed with a solution containing only the
buffer. Fig. 4 shows the spectra recorded as a function of contact
time with a ﬂowing buffer solution for the experiment where the
eggPC containing the probe, cyano ethanol was ﬁrst adsorbed on the
TiO2. Fig. 4 shows that there is very little decrease (b5%) in the
amount of liposome adsorbed on TiO2 when ﬂowing the buffer
solution as evidenced by the nearly constant intensity of the C–H
stretching modes in the 3000–2800 cm−1 region. In contrast, thereTable 1
Assignment of the major IR Bands of eggPC liposomes on TiO2
Wave number (cm−1) Assignment
2957 Terminal CH3 antisymmetric stretch
2921 Chain CH2 antisymmetric stretch
2873 Terminal CH3 symmetric stretch
2851 Chain CH2 symmetric stretch
1734 Ester C=O stretch
1468 CH2 scissor
1420 CH2 bend
1396 +N–CH3 symmetric deformation
1380 Terminal CH3 symmetric bend
1223 PO2− antisymmetric stretch
1173 Ester C–O–C antisymmetric stretch
1088 PO2− symmetric stretch
1068 Ester C–O–C symmetric stretch
970 +N–CH3 antisymmetric stretchwas an initial decrease in the intensity of the CN band resulting from
the removal of excess probe from the solution phase. This is followed
by a slow and gradual decrease in intensity with contact time with
the buffer solution which we ascribe to the transfer of the
encapsulated probe from the interior to the exterior of the liposome.
This is shown in the inset in Fig. 4. Once the probe molecules
transfer out from the liposome, they are washed away by the ﬂowing
buffer solution. Thus the change in intensity of the CN stretching
mode for cyano ethanol and the other probe molecules can be used
as a measure of the relative amount of probe molecules remaining
inside of the liposome.
It is well known that the diffusion of trapped molecules from the
inner aqueous compartment of the liposome follows ﬁrst-order
kinetics [14,18,19]. In our case, the decrease in intensity (I) of the CN
stretching mode for each probe molecule with time follows the
equation:
ln Ið Þ = C−kt ð1Þ
Where k is the rate constant; Here, C=ln(Iinit).
To account for small ﬂuctuations in the amount of liposome
adsorbed from experiment-to-experiment and small losses to ﬂowing
water, the CN band intensity is normalized by the intensity of C–H
stretching mode of eggPC at 2850 cm−1 [20]. The equation then
becomes:
ln I2253=I2851ð Þ = A−kt ð2Þ
Where A=ln(I2253/I2851)init.
Typical plots of ln(I2253/I2851) as a function of time obtained for
liposomes adsorbed on TiO2 containing the various probe molecules is
shown in Fig. 5. A linear relationship is obtained showing that ﬁrst
order kinetics is followed. The diffusion rate constant k calculated via
equation 2 is also given in Fig. 5. In general, the transport of probes
across the liposome membrane is also dependant on the surface area
and inner volume of liposome [21,22]. In this study, the difference onFig. 4. IR spectra of eggPC liposome containing cyano ethanol recorded as a function of
time in a ﬂowing buffer solution.
Fig. 6. First-order rate plots obtained for eggPC, UV irradiated eggPC and eggPC/CHOL
liposomes.
Fig. 7. IR spectra of the CH2(a) and PO2−(b) regions of eggPC liposomes.
Fig. 5. Plots of ﬁrst-order diffusion rate and calculated diffusion rate constants obtained
for different probe molecules.
2269C. Chen, C.P. Tripp / Biochimica et Biophysica Acta 1778 (2008) 2266–2272the size of liposomes is less than 10%. Therefore, in this work, a
difference in rate constant shown in Fig. 5 is ascribed to the difference
in size and structures of the various probe molecules.
From Fig. 5, the highest diffusion rate is obtained for the cyano
ethanol which is the smallest in size of the four probe molecules. The
cyano-ether and cyano-amide have similar molecular weights (cyano-
ether: 124 g/mol, cyano-amide: 126 g/mol) but differ by a factor of 2 in
diffusion rate constant. In this case, the cyano-amide contains bulky
side chains compared to linear cyano-ether which accounts for the
difference in molecular volumes (172 Å3 for cyano-ether and 255 Å3
for cyano-amide, calculated using PC modeling) and thus the
difference in the diffusion rates. For the charged cyano-salt, transport
of this molecule is impeded by the high dielectric barrier across the
lipid membrane and hence the measured diffusion rate was lower
than the other probe molecules [23].
It is well known that transport of a solute across a pure lipid bilayer
without protein carrier is through passive diffusion across a
concentration gradient [21,22]. The probe molecules used in this
new IR approach are much smaller than the traditional probes such as
carboxylﬂuorescein and calcein used in ﬂuorescence measurements
for determining the permeability of liposomes. Thus the IR approach
may provide a more sensitive method to detect changes in lipid
permeance than can be achieved by ﬂuorescence measurements.
3.3. Diffusion rate constants for UV irradiated and cholesterol containing
liposomes
The next set of experiments was conducted to demonstrate the
ability of this IR based approach to measure diffusion rates with
different membrane structures. Speciﬁcally, the transport of the cyano
ethanol through liposomes of eggPC, eggPC containing cholesterol and
eggPC illuminated with UV radiation were measured. Fig. 6 contains
the ﬁrst-order rate plots obtained from these experiments. The data in
Fig. 6 show that addition of cholesterol to the membrane of the eggPC
liposome resulted in a decrease in the diffusion rate constant for cyano
ethanol. This result is in agreement with other studies which show
that cholesterol reduces the membrane ﬂuidity and hence permeance
to molecular transport [24–26].
Next we examine the effect of UV illumination. The eggPC
molecule was chosen for our study because it contains a double
bond in one acyl chain (see Fig. 1). UV illumination leads to
crosslinking between adjacent lipid tails and thus has been shown
to increase the robustness and reduce the permeance of the eggPCliposome [27–29]. This is consistent with a lower diffusion rate
measured for the UV irradiated eggPC liposome.
3.4. Comparison to lipid structure derived from IR spectra
A key aspect of our IR technique is that the data obtained from
diffusion rates using the IR probemolecules can be combinedwith the
molecular detail obtained from changes in the bands due to the lipids.
Fig. 7 shows the IR spectra for the three different liposomes
containing the cyano ethanol. The spectra were recorded at the end of
each experiment when most of the probe molecules were removed.
Thus the strong bands of the probe molecule (see Fig. 2a) in the region
below 1300 cm−1 are not observed in Fig. 7b.
In Fig. 7a, the CH2 asymmetric stretching mode near 2920 cm−1
and symmetric mode near 2850 cm−1 are generally the strongest
bands in the spectra of the eggPC. It is well known that the frequencies
of the CH2 stretching modes depend on the chain conformational
disorder of the hydrocarbon tail [15,30,31]. A shift to lower frequency
indicates a more ordered structure. Fig. 7b shows the bands in the
phosphate headgroup region. In this case, it has been shown that the
frequency position and bandwidth of PO2− asymmetric stretching
mode near 1220 cm−1 are sensitive to the degree of hydration [30–33].
Fig. 8. Position occupied by cholesterol in the membrane bilayer.
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indicative of a higher degree of hydration of the headgroup.
The band frequency of CH2 and PO2− along with the corresponding
FWHH values for the three liposomes is given in Table 2. Compared to
the spectra of eggPC liposomes on TiO2, UV illumination of the eggPC
liposomes results in a shift in the CH stretching bands to lower
frequency, and a shift towards higher frequency and a lower FWHH
value for the phosphate band. This shows that UV irradiation of the
liposomes led to a more ordered arrangement of hydrocarbon tails
and a lower hydration level in the headgroup region. Recall that the
UV illumination leads to crosslinking between adjacent tails of eggPC
lipid molecules and restricts the motion of the acyl chains, which, in
turns, leads to a more ordered architecture. These spectral observa-
tions are consistent with a reduction of lipid permeance obtained
from our probe measurements.
In contrast, insertion of cholesterol into the membranes of the
eggPC liposomes leads to a shift to lower frequency in the CH bands
and a lower frequency and broadening of the PO2− asymmetric
stretching mode for the spectrum of eggPC/CHOL liposomes. This
shows that a higher degree of hydration level in the headgroup region
and a more ordered structure in the hydrocarbon tail region of eggPC
liposomes occurs with the insertion of cholesterol. This ﬁnding is
consistent with studies by others [34–38]. As shown in Fig. 8,
cholesterol inserts into the bilayer parallel to the lipid hydrocarbon
chains with its hydroxyl group positioned level with the carbonyl
groups of the ester linkages in the phospholipids. Insertion of the
cholesterol into the lipid acyl chains compresses the acyl chains and at
the same time, increases the average distance between adjacent lipid
molecules. In the headgroup region, the increase in spacing between
phospholipid molecules is not occupied by the much smaller hydroxyl
moiety of the cholesterol resulting in a less tightly packed headgroup
and thus increased its hydration level. On the other hand, in our work
carried out at 24±1 °C, the lipid acyl chains exist in a disorder, liquid
crystalline phase (phase transition temperature of eggPC: −15∼−7 °C)
[39]. In the presence of cholesterol in the eggPC lipid bilayers, the
motion of the (CH2)n units in hydrophobic chains becomes restricted,
and thus a more ordered structure is induced. As a result, the
membrane shows a lower membrane ﬂuidity and hence a lower
membrane permeance supported by our diffusion rate study and this
is consistent with other studies [24–26].
3.5. Evidence of intact liposomes adsorbed on TiO2
The basis for our interpretation of the data is that the liposomes
remain intact when adsorbed on TiO2 and do not rupture to form a
bilayer or multilayer ﬁlms. On this point, it is noted that several
studies have shown that liposomes remain intact when adsorbed on
TiO2 [17,40–42]. Speciﬁcally, ﬂuorescence microscopy [43–45], quartz
crystal microbalance(QCM) [17,40,41], and atomic force microscopy
(AFM) [42,46–48] have established that PC based lipids rupture to
form bilayers on silica, glass, or mica, whereas they remain as intact
liposomes on TiO2 or gold. Our perusal of the literature indicates that
the most deﬁnitive and most widely accepted evidence of intact
liposomes on surfaces is provided by AFM images. However, our
attempts to obtain AFM images of the liposomes on the TiO2 coatedTable 2
CH2 and PO2− bands frequency positions and FWHH values
Liposomes Frequency (FWHH)(cm−1)
υ as (CH2) υ s (CH2) υ as (PO2−)
Pure eggPC 2923.4 2853.2 1228.2 (42)
UV eggPC 2922.8 2852.8 1229.1 (40)
EggPC/CHOL 2922.5 2851.2 1226.2 (44)IRE’s produced inconclusive results. AFM images have been obtained
for intact liposomes on a ﬂat rutile crystal [42], and we have also
obtained AFM images showed that eggPC liposomes remain intact on
a ﬂat rutile crystal. However, in this work, the TiO2 ﬁlms are fabricated
using a TiO2 powder. The aggregate size of the TiO2 powder is about
100–200 nm and thus it was very difﬁcult to recognize liposomes from
the TiO2 powders in the AFM images. Until now, our sole experimental
evidence of the existence of intact liposomes was derived from
detailed IR spectroscopic analysis of the headgroup region of the
spectrum [15]. Speciﬁcally, IR spectra were collected for LB deposited
DPPC layers and for deposition of liposomes. The bands assigned to
headgroup modes of the DPPC were particularly sensitive to the
packing arrangement and revealed that intact liposomes remained on
the TiO2.
Although the stated main purpose of encapsulating probe
molecules inside the liposomes was to measure diffusion rates, a
secondary purpose is to conﬁrm that the liposomes did not burst upon
adsorption of the TiO2. In essence, this is analogous to identiﬁcation of
intact liposomes using ﬂuorescence measurements with entrapped
ﬂuorophores. While ample proof of the existence of intact liposomes
on TiO2 is provided by the data presented in each section on diffusion
rates obtained with various liposomes and different size probe
molecules, we performed the following experiment to provide more
conclusive data on the existence of intact liposomes on TiO2.
In particular, we generated liposomes of 3 different sizes contain-
ing the same concentration of entrapped probe molecules. Liposome
solutions containing 0.2 M cyano ethanol were extruded through
50 nm, 100 nm and 200 nm pore size polycarbonate membranes and
three liposomes with an average size of 75 nm, 125 nm and 188 nm
were isolated and collected. These liposomes were adsorbed on the
TiO2 coated ZnSe IRE in three separate experiments. The excess probe
in solution phase was then removed by ﬂowing a pure buffer solution
for 15 min. The infrared spectra were then recorded and are shown in
Fig. 9.
All three spectra show a band near 2253 cm−1 due to the CN mode
of the cyano ethanol. There are three possible avenues for the probe
molecules to remain on the surface. The probe molecule in the
solution phase could adsorb directly on the TiO2, the probe molecules
could intercalate in the membrane structure during synthesis, the
probe molecules could be entrapped inside the liposomes or
combinations thereof. We ﬁrst turn to the possibility of probe
Fig. 11. Time dependence change in frequency of the CN stretching mode for the two
curves depicted in Fig. 10.
Fig. 9. IR spectra of eggPC liposomes of different size containing 0.2 M cyano ethanol.
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the liposomes.
If we consider that the majority of the probes molecules are
intercalated in themembrane structure or adsorbed on themembrane
surface then the value in the ratio of number of probe molecules/
number of lipid molecules (i.e, A2253/A2850) should be constant,
independent of the size of the liposome. In contrast, if a majority of
the probe molecules are located inside the liposome cavity, then the
A2253/A2850 ratio should scale linearly with the volume/surface area
ratio, the diameter of the liposome. The values for the A2253/A2850 ratio
from the spectra in Fig. 9 are clearly not constant and have values of
0.37, 0.63 and 0.75 for liposome diameters of 75, 125 and 188 nm,
respectively. Using the measured value of 0.37 for the A2253/A2850 ratio
obtained for the 75 nm liposome, calculated values of 0.61 and 0.92
are anticipated for the probe molecules encapsulated inside the
liposome. Comparing the measured values for the A2253/A2850 ratio
with the calculated values shows that the majority of the cyano
ethanol is located in the interior of the liposome. Clearly this is the
case for the 75 and 125 nm liposomes whereas a slightly lower
measured value for the A2253/A2850 ratio than predicted is obtained for
the 188 nm diameter liposome. This lower value than expected for the
188 nm diameter liposome is most likely due to a higher diffusion of
probe molecules during this 15 min ﬂushing with buffer solution or to
a lower robustness of the liposomes [17,40,41]. Nevertheless, for the
125 nm diameter liposomes used in our probe measurements, theFig. 10. Time dependent change in the normalized intensity of the CN band of cyano
ethanol adsorbed on TiO2 and cyano ethanol entrapped inside eggPC liposomes
adsorbed on TiO2.value for the A2253/A2850 ratio shows that intact liposomes adsorb on
the TiO2 and that the probe molecules are located in the interior
cavity.
The values obtained for the A2253/A2850 ratio obtained with
different size liposomes also show that the contribution to this ratio
from probe molecules adsorbed directly on the TiO2 is minimal. This
was conﬁrmed with another control experiment in which solutions
containing only the probe molecules were ﬂowed across a TiO2 coated
IRE. Speciﬁcally a 0.2 M cyano ethanol probe in buffer solution was
ﬂowed through the ATR cell for a period of 5 h. Spectra were recorded
as a function of time in order to monitor the adsorption of the probe
molecules on the TiO2. After achieving amaximum of probemolecules
on the TiO2, pure buffer solutionwas then ﬂowed through the ATR cell.
There were two notable differences in these spectra compared to the
data collected when liposomes were adsorbed on the surface.
The ﬁrst difference is shown in Fig. 10 which is a plot of the time
dependence variation of the intensity of CN stretching mode of the
cyano ethanol recorded when the buffer solution is ﬂowed through
the cell. It was found that the amount of cyano ethanol adsorbed on
the TiO2 shows a much slower decrease in amount with time
compared to the spectra of cyano ethanol encapsulated in the
liposomes. After an initial 15 min rapid decrease due to the
disappearance of probe in the solution phase, only a further 20% of
the cyano ethanol desorbed from the TiO2, whereas there was an 85%
decrease in the amount of cyano ethanol for adsorbed liposomes.
Secondly, the frequency position for the CN mode for cyano
ethanol appeared 2 cm−1 lower at 2251 cm−1 for cyano ethanol
adsorbed on TiO2. Fig. 11 shows the time dependence change in
frequency of the CN stretching mode for the two curves depicted in
Fig. 10. The frequency difference between the two curves remains
constant until near the 80 min mark. After the 80 min mark, the
frequency of the CN stretching mode for the cyano ethanol contained
inside the adsorbed liposome then shifts lower to 2251 cm−1. In
essence, after removal of the probe molecule from the liposomes that
give rise to the 2253 cm−1 band, there remains a small amount of
cyano ethanol adsorbed on the TiO2.
4. Conclusions
In this work, the utility of using molecules containing CN groups to
probe membrane permeance of TiO2 surface-bound liposomes was
demonstrated. The effect of adding cholesterol and UV illumination on
the permeance of eggPC liposomes were evaluated by measuring the
diffusion rate of the probe molecules. Both adding cholesterol and UV
2272 C. Chen, C.P. Tripp / Biochimica et Biophysica Acta 1778 (2008) 2266–2272illumination resulted in lower diffusion rates indicating a lower
membrane permeance and ﬂuidity. In addition, the IR spectra show
that cholesterol increases the headgroup hydration and decreases
interchain order within the liposome bilayer, while UV polymerization
contributes to a lower hydration level in both headgroup and inter-
chain region. The diffusion rates obtained by using IR probe molecules
combinedwith the molecular details derived from IR spectra provided
a powerful interpretation of the membrane permeance changes. In
addition, the results obtained using probe molecules trapped inside
the liposomes show that the eggPC liposomes remain intact when
adsorbed on TiO2, which is the basis of this new method.
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